The EMBO Journal (2004) 23, 2369-2380 | © 2004 European Molecular Biology Organization | All Rights Reserved 0261-4189/04

www.embojournal.org

THE

EMBO

JOURNAL

Modulation of NF-kB-dependent transcription
and cell survival by the SIRT1 deacetylase

Fan Yeung', Jamie E Hoberg’,
Catherine S Ramsey', Michael D Keller’,
David R Jones?, Roy A Frye®

and Marty W Mayo '->*

'Department of Biochemistry and Molecular Genetics, The University
of Virginia, Charlottesville, VA, USA, “Department of Surgery, The
University of Virginia, Charlottesville, VA, USA and *VA Medical Center,
Pittsburgh, PA, USA

NF-kB is responsible for upregulating gene products that
control cell survival. In this study, we demonstrate that
SIRT1, a nicotinamide adenosine dinucleotide-dependent
histone deacetylase, regulates the transcriptional activity
of NF-xB. SIRT1, the mammalian ortholog of the yeast SIR2
(Silencing Information Regulator) and a member of the
Sirtuin family, has been implicated in modulating tran-
scriptional silencing and cell survival. SIRT1 physically
interacts with the RelA/p65 subunit of NF-kB and inhibits
transcription by deacetylating RelA/p65 at lysine 310.
Treatment of cells with resveratrol, a small-molecule ago-
nist of Sirtuin activity, potentiates chromatin-associated
SIRT1 protein on the cIAP-2 promoter region, an effect that
correlates with a loss of NF-kB-regulated gene expression
and sensitization of cells to TNFa-induced apoptosis.
While SIRT1 is capable of protecting cells from p53-in-
duced apoptosis, our work provides evidence that SIRT1
activity augments apoptosis in response to TNFa by the
ability of the deacetylase to inhibit the transactivation
potential of the RelA/p65 protein.
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Introduction

Nuclear factor-kappa B (NF-kB) controls the expression of
gene products that affect important cellular processes, such
as adhesion, cell cycle, angiogenesis, and apoptosis (Mayo
and Baldwin, 2000; Karin and Lin, 2002). Transcriptionally
active NF-kB is typically composed of a heterodimeric protein
complex that contains a DNA-binding component and an
acidic transactivation domain. The best-studied and most
prevalent form of NF-kB exists as a heterodimer composed
of p50 and RelA/p65 polypeptides. In unstimulated cells, NF-
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kB resides in the cytoplasm bound by its inhibitory proteins,
which are members of the IkB family (Baldwin, 1996).
Following cellular stimulation, IkB proteins become phos-
phorylated by the IxB kinase (IKK), which subsequently
targets IkB for ubiquitination and degradation through the
26S proteasome (Ghosh and Karin, 2002). Degradation of IxkB
liberates NF-kB, allowing the transcription factor to translo-
cate to the nucleus, where it interacts with promoter gene
targets to enhance transcription.

Once in the nucleus, NF-xB binds to cis -elements within
promoter regions and enhances transcription by tethering
histone acetyltransferases (HATs) containing remodeling
complexes (Mayo and Jones, 2003). This effect is believed
to facilitate an ‘open chromatin’ configuration, allowing basal
transcription factors and RNA polymerase II to bind and
initiate transcription. Before recruiting HAT-containing com-
plexes, the RelA/p65 subunit of NF-kB becomes phosphory-
lated at distinct serine residues. RelA/p65 has been shown
to be phosphorylated at serine 276 by the catalytic protein
kinase A subunit or the mitogen and stress-activate protein
kinase-1, and at serine 311 by the protein kinase C { (Duran
et al, 2003; Vermeulen et al, 2003). Each of these phosphor-
ylation events is associated with recruitment of HAT-contain-
ing complexes to the RelA/p65 subunit of NF-xB (Zhong et al,
2002). NF-kB associates with several HAT enzymes including
the CREB-binding protein (CBP), or its homolog p300
(Sheppard et al, 1998, 1999). NF-kB also recruits one of
two additional HAT-containing complexes, p300/CBP-asso-
ciated factor (PCAF), or members of the p160 family (Na et al,
1998; Sheppard et al, 1999; Werbajh et al, 2000). Chromatin-
associated HATs (SRC-1 and p300) acetylate p50 and RelA/
p65 subunits of NF-xB, respectively (Na et al, 1998; Chen
et al, 2001; Zhong et al, 2002). Acetylation of RelA/p65 is
a dynamic process where the acetylation status of specific
lysine residues affects both the DNA-binding ability and
transcriptional activity of the protein (Chen et al, 2002;
Kiernan et al, 2003). Members of the class I histone deacety-
lases (HDAC) regulate the transcriptional activity of NF-kB.
HDAC1, HDAC2, and HDAC3 deacetylate RelA/p65, resulting
in increased IxkBo association or loss of transactivation po-
tential of the protein (Ashburner et al, 2001; Chen et al, 2001;
Zhong et al, 2002).

Sirtuins, homologs of the yeast SIR2 family, belong to the
atypical class Il HDACs (Frye, 2000). Unlike the other class I
and II HDACs, Sirtuins require nicotinamide adenosine di-
nucleotide (NAD) as a cofactor, rather than zinc (Buck et al,
2004). In yeast, the SIR2 gene is involved in the regulation of
transcriptional silencing, DNA damage responses, and is
required for lengthening of lifespan following caloric restric-
tion in yeast (Guarente, 2000; Lin et al, 2002). The mamma-
lian Sirtuin SIRT! gene product encodes an NAD-dependent
nuclear HDAC that is the closest structural ortholog of the
yeast Sir2 protein (Frye, 2000). Although the yeast Sir2
protein has been extensively characterized as an HDAC
(Buck et al, 2004), the mammalian SIRT1 protein deacetylates
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non-histone substrates, including TAF;68, PCAF, p300, MyoD,
p53, and Ku 70 (Luo et al, 2001; Muth et al, 2001; Vaziri et al,
2001; Fulco et al, 2003; Cohen et al, 2004; Motta et al, 2004).
SIRT1 plays an active role in inhibiting transcription by
interacting with the basic helix-loop-helix proteins HES1,
HEY2, and with the COUP-TF interacting protein 2 (CTIP2)
(Senawong et al, 2003; Takehiko and Fuyuki, 2003). SIRT1
regulates cell fate, in part, by deacetylating the p53 protein at
lysine 382 and inactivating p53-mediated transcription and
apoptosis (Luo et al, 2001; Vaziri et al, 2001). Recently, SIRT1
was shown to control Bax-induced apoptosis by deacetylating
Ku70, and to inhibit Forkhead-mediated cell death (Cohen
et al, 2004; Motta et al, 2004).

Resveratrol has been identified as a potent pharmaco-
logical agonist of Sirtuin activity (Howitz et al, 2003). In addition
to promoting apoptosis and displaying antitumor activities
in vivo, resveratrol is also a known inhibitor of NF-xB trans-
cription (Jang et al, 1997; Holmes-McNary and Baldwin,
2000; Manna et al, 2000). This led us to investigate whether
NF-«B transcription was regulated by the Sirtuin family of
NAD-dependent deacetylases. Here, we demonstrate that
SIRT1 inhibits NF-kB transcription by directly deacetylating
the RelA/p65 protein at lysine 310. This regulation is biolo-
gically significant because SIRT1 activity inhibits NF-xB
transcription and sensitizes cells to TNFa-induced apoptosis.

Results

NF-xB transcription is regulated by NAD-dependent
deacetylases

To initiate our studies, the levels of SIRT1 protein expression
in non-small-cell lung cancer (NSCLC) cell lines were ana-
lyzed. Consistent with previously published studies (Luo et al,
2001; Vaziri et al, 2001), NSCLC cells express high levels of
SIRT1 protein as compared to the immortalized epithelial
human lung NL-20 cells (Figure 1A). Therefore, NSCLC cell
lines provide an excellent model system to study Sirtuin-
regulated transcription. To investigate whether NF-xB tran-
scription was regulated by Sirtuins, pharmacological modu-
lators of Sirtuins activity were used (Landry et al, 2000;
Bedalov et al, 2001; Howitz et al, 2003). Cells pretreated
with resveratrol showed very little NF-kB transcription fol-
lowing the addition of TNFo, as measured by transient
luciferase reporter assays (Figure 1B). In contrast, pretreat-
ment of cells with the Sirtuin inhibitors nicotinamide or
splitomicin increased TNFa-induced NF-xB activity. As ex-
pected, cells treated with trichostatin A (TSA), an HDAC class
I and class II inhibitor, also potentiated NF-xB transcription
(Figure 1B).

Cell-based HDAC assays were performed to confirm that
modulators of Sirtuins were affecting enzymatic activity in
vivo. As predicted, the addition of resveratrol increased NAD-
dependent HDAC activity greater than 1.5-fold, while both
nicotinamide and splitomicin significantly diminished enzy-
matic activity (Figure 1C). Moreover, TSA treatment was also
effective in inhibiting HDAC activity in NSCLC cells.
Treatment of cells with TNFa alone did not affect the overall
Sirtuin HDAC activity as measured by the assay (data not
shown). These experiments suggest that pharmacological
agents capable of regulating Sirtuin activity modulate
NF-kB transcription.
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Since SIRT1 is one of the best-characterized NAD-depen-
dent HDACs susceptible to resveratrol- and nicotinamide-
mediated modulation, we examined whether ectopic expres-
sion of SIRT1 could abolish NF-«B transcriptional activity
following TNFa stimulation. Cells expressing the SIRT1 pro-
tein displayed diminished TNFa-induced NF-xB transcrip-
tional activity (Figure 1D). Similar results were observed in
cells expressing the HDAC3 protein, which is known to
inhibit NF-xB transcription (Chen et al, 2001). Additional
co-transfection experiments were performed to identify
which subunits of NF-«B are susceptible to SIRT1 regulation.
Expression of SIRT1 did not repress basal transcription levels
in cells co-transfected with either the vector control or p50
expression vectors (Figure 1E). However, overexpression of
SIRT1 clearly inhibited NF-kB transcription stimulated by
expression of the RelA/p65 protein alone or when coex-
pressed with p50 proteins. As expected, expression of p50
alone did not stimulate the NF-kB-responsive reporter.
Collectively, these experiments suggest that the SIRT1 deace-
tylase is capable of regulating the RelA/p65 transcriptional
activity.

SIRT1 directly interacts with RelA/p65

Based on Figure 1E, where SIRT1 overexpression blocked
RelA/p65-mediated transcription, we sought to determine
if SIRT1 directly interacted with various protein subunits of
NF-«B. Endogenous p50 or RelA/p65 proteins were effec-
tively immunoprecipitated following the overexpression
of the V5-tagged SIRT1 protein (Figure 2A). Moreover,
the reverse was true: endogenous SIRT1 protein was detected
in cells overexpressing the Flag-tagged RelA/p65 protein
(Figure 2A, right panel). Our ability to detect overexpressed
SIRT1 interacting with either p5S0 or RelA/p65 was specific
for the V5 antibody, since the negative control, myc antibody,
failed to detect the immunoprecipitated protein complexes.
To determine whether RelA/p65 and SIRT1 proteins
interact with one another endogenously, RelA/p65 antibody
was used to pull down endogenous RelA/p65 complexes, and
analyzed for the presence of SIRT1 protein. Endogenous
SIRT1 and the RelA/p65 proteins were detected following
immunoprecipitation (Figure 2B). However, endogenous in-
teraction between SIRT1 and p50 was not observed (data not
shown). The physical in vivo association between SIRT1 and
RelA/p65 implies that NF-kB may be a deacetylase target of
Sirtuins.

Resveratrol-induced Sirtuin activity targets

the transactivation domain of RelA/p65

Resveratrol was previously shown to inhibit NF-xB activity
by disrupting IKK activity (Holmes-McNary and Baldwin,
2000; Manna et al, 2000). Since the addition of resveratrol
upregulated endogenous Sirtuin activity in NSCLC cell lines
(Figure 1C), we investigated whether this could be an alter-
native mechanism by which resveratrol inhibited NF-xB
transcription. As predicted, TNFa stimulated the nuclear
translocation of RelA/p65 and p50, as well as the degradation
of IxBa (Figure 3A). Similar to TNFa-treated control cells,
cells pretreated with resveratrol displayed IkBo degradation
and nuclear translocation of RelA/p65 and p50 proteins
following TNFa stimulation, suggesting that resveratrol did
not block IKK activity in these cells. Inmunokinase assays
also confirmed that resveratrol pretreatment failed to block
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Figure 1 NAD-dependent HDACs regulate NF-«B transcription. (A) SIRT1 protein level in whole-cell extracts of NSCLC cell lines and normal
lung epithelial cell lines (NL-20). (B) NSCLC cells were transiently transfected with the NF-kB-responsive reporter-3xkB luciferase. Cells were
left untreated (No Add) or treated overnight with resveratrol (Res, 30 uM), nicotinamide (NAM, 500 uM), splitomicin (Split, 120 uM), or TSA
(500nM). TNFa (10ng/ml) was added the next day for 8h before harvesting the cells. All transfections were normalized with CMV-f-
galactosidase activity. (C) Cell-based HDAC assays were performed by adding the Fluor de lys substrate alone (No Add) or in combination with
resveratrol, nicotinamide, splitomicin, or TSA to the growth medium. Exogenous nicotinamide was added in vitro to untreated cell extracts (No
Add 4+ NAM) to ensure that the HDAC activity observed was NAD-dependent. Data represent a typical experiment performed in duplicate, with
mean+SD (D) NSCLC cells were co-transfected with the 3xkB luciferase reporter, V5-tagged SIRT1, Myc-tagged HDAC3, or empty vector
control (VC). Cells were treated with TNFa for 8 h before harvesting for luciferase activities. Western blot analysis confirmed the expression of
V5-tagged SIRT1 and Myc-tagged HDAC3 proteins. (E) NSCLC cells were co-transfected with the 3xkB-luciferase reporter, or expression
plasmids encoding SIRT1 protein or vector control. In addition, cells were transfected with p50, RelA/p65 expression vectors, or both.

IKK activity in NSCLC cells (data not shown). Finally, cells suggesting that resveratrol did not function to inhibit nuclear
pretreated with resveratrol display the same patterns of translocation or DNA-binding potential of NF-kB following
NF-kB DNA-binding activity as TNF-treated control cells, TNFao stimulation (Figure 3B).
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Figure 2 SIRT1 interacts with the RelA/p65 subunit of NF-kB. (A)
IP Westerns: H460 cells were transfected with either V5-tagged
SIRT1 or Flag-tagged RelA/p65. Cell lysates were immunoprecipi-
tated with the negative control (—) a-Myc, a-V5, or Flag (+), and
followed by immunoblot analysis for the presence of endogenous
SIRT1, pSO0, or RelA/p6S, respectively. Input protein showed rela-
tively equal amounts of the V5-tagged SIRT1, or Flag-tagged RelA/
p65 proteins were expressed or immunoprecipitated (IP). (B)
Endogenous IP Western: H460 whole-cell extracts were pulled
down with either a negative control (IgG) or RelA/p65 antibody,
followed by SIRT1 or RelA/p65 immunoblot.

To establish whether resveratrol inhibits NF-kB by block-
ing the transactivation domain of RelA/p65, SIRT1-respon-
sive regions within the RelA/p65 protein were identified. The
overexpression of SIRT1 represses the transactivation poten-
tial of the RelA/p65 protein to the greatest extent in the Gal4-
p65(286-551) and Gal4-p65(286-520) proteins (Figure 3C).
Additional transient co-transfection experiments were per-
formed to evaluate whether resveratrol inhibited NF-kB tran-
scription by blocking the ability of TNFa to stimulate the
transactivation potential of the RelA/p65 protein. Resveratrol
treatment significantly inhibited the ability of TNFa to stimu-
late the transactivation domain of RelA/p65. This effect was
further potentiated in cells ectopically expressing the SIRT1
protein (Figure 3D). Data presented in Figure 3 are consistent
with the understanding that resveratrol inhibits the transacti-
vation potential of the RelA/p65 protein (Holmes-McNary
and Baldwin, 2000); however, our studies suggest that re-
sveratrol represses RelA/p65 through an alternative mechan-
ism that does not directly involve the IKK complex.

SIRT1 deacetylates lysine residue 310 on the RelA/p65
protein

Since resveratrol is an agonist of SIRT1 activity, we investi-
gated whether SIRT1 regulates the transactivation domain of
RelA/p65 through deacetylation. The RelA/p65 protein can
be acetylated at five lysine residues, K122, 123, 218, 221, and
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Figure 3 Resveratrol inhibits the transactivation potential of the
RelA/p65 protein. (A) Immunoblot analysis was performed on
cytoplasmic (C) and nuclear (N) extracts isolated from H460 cells.
Cells were pretreated with resveratrol (30 uM for 1h) and subse-
quently stimulated with TNFo. (B) H460 cells were either treated
with TNFo alone (No Add) or pretreated with resveratrol (30 uM for
1h) and followed by TNFa stimulation for the time course indi-
cated. Oct-1 probe serves as a loading control. (C) H460 cells were
co-transfected with a Gal4-luciferase reporter, plasmids encoding
the SIRT1 protein, or vector control. In addition, plasmids encoding
the Gal4 DNA-binding domain fused to various portions of the
RelA/p65 protein (Schmitz and Baeuerle, 1991) were co-transfected
as indicated. Data are plotted as fold repression, where the values of
basal transcription levels for each Gal4-p65 construct (co-trans-
fected with vector control plasmid) were normalized to 1. Western
blot analysis confirms the expression of the various Gal4-p65 fusion
proteins. (D) H460 cells were transiently co-transfected with Gal4-
luciferase reporter and expression vector encoding the fusion
protein Gal4-p65(286-551). Cells were also co-transfected with
expression plasmids encoding either SIRT1 or empty vector control
(VC). Cells were then left alone or pretreated for 2 h with resveratrol
(30uM) before the addition of TNFo (10ng/ml) for 8h. Fold
repression was determined as described in (C).

310 (Figure 4A) (Chen et al, 2002; Kiernan et al, 2003). Using
acetylation assays, p300 was found to effectively acetylate
RelA/p65 across the amino-acid region containing 1-317
(Figure 4B). In addition, data obtained from site-directed
RelA/p65 mutants, 1-317(K310R) and 1-317 (K314R), con-
curred with previous studies (Chen et al, 2002) that p300-
mediated acetylation occurred predominantly at lysine 310 on
the RelA/p65 protein.

©2004 European Molecular Biology Organization
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Figure 4 SIRT1 deacetylates lysine 310 on RelA/p65. (A) Illustration of the RelA/p65 protein. The Rel homology domain (RDH) is shown in
black, while the two transactivation domains (TADs) are represented by gray boxes. The five lysine residues crucial for RelA/p65 function are
shown (Chen et al, 2002; Kiernan et al, 2003). (B) HEK 293T cells were transfected with expression plasmids encoding Flag-tagged RelA/p65(1-
270), (1-313), (1-317), 1-317(K310R), or 1-317(K314R) protein alone (—), or with the p300 (+). Acetylation assays were performed as
described in Materials and methods. (C) HEK 293T cells were transfected with expression plasmids encoding Flag-tagged RelA/p65(1-270),
(1-313), or (1-317) proteins. Cells were also co-transfected with p300 alone or SIRT1.

Additional acetylation assays were performed to determine
if overexpression of SIRT1 could result in the deacetylation
of RelA/p65. In agreement with Figure 4B, the expression of
p300 effectively led to the acetylation of the RelA/p65(1-313)
and RelA/p65(1-317) proteins, while p300 was significantly
less effective at acetylating the RelA/p65(1-270) protein.
Importantly, ectopic expression of SIRT1 abolished p300-
mediated acetylation of both the RelA/p65(1-313) and
RelA/p65(1-317) proteins, but did not significantly affect
the acetylation status of the RelA/p65(1-270) protein
(Figure 4C).

Results observed in Figure 4 indicate that overexpression
of SIRT1 diminished p300-mediated acetylation of RelA/p65;
however, it was not clear whether this was due to the ability
of SIRT1 to directly deacetylate the RelA/p65 protein. One
concern was that SIRT1 was simply diminishing p300 activity.
This is a valid concern since SIRT1 diminishes both p300 and
PCAF autoacetylation in vitro (Fulco et al, 2003; Motta et al,
2004). To experimentally address this point, RelA/p65 was
first acetylated in vivo using p300, and then incubated with
recombinant SIRT1 in vitro. In this way, it could be deter-
mined if SIRT1 deacetylates RelA/p65 directly. The addition
of recombinant SIRT1 protein effectively deacetylated RelA/
p65 in an NAD-dependent manner (Figure 5A). Moreover, a
defective HDAC SIRT1 mutant, SIRT1(H363Y), was unable to
deacetylate the RelA/p65 protein in vitro. These results are
consistent with the observation that the NAD-dependent
SIRT1 deacetylates RelA/p65 directly at lysine residue 310.

To confirm that pharmacological modulators of Sirtuin
activity were affecting the acetylation status of RelA/p65 in
vivo in a similar manner as observed in Figure 4C, acetylation

©2004 European Molecular Biology Organization

assays were repeated in the presence of either resveratrol or
nicotinamide. Inhibition of Sirtuin activity with nicotinamide
potentiated p300-mediated acetylation of RelA/p65, as com-
pared to untreated cells. Moreover, the addition of resveratrol
significantly inhibited p300-induced acetylation of RelA/p65
(Figure 5B). These results are consistent with the hypothesis
that the use of pharmacological agents that modulate Sirtuin
activity affects the acetylation status of the RelA/p65 protein
at lysine 310.

To elucidate whether the lysine 310 residue of the RelA/p65
protein was an important target for resveratrol-induced SIRT1
regulation, a site-directed mutant of the Gal4-p65(K310R)
fusion protein was analyzed. The mutant Gal4-p65(K310R)
protein displays approximately half of the transactivation
potential, when compared to the wild-type Gal4-p65 protein
(Chen et al, 2002). The transactivation potential of the wild-
type Gal4-p65 protein was repressed in cells coexpressing
SIRT1 or treated with resveratrol alone (Figure 5C).
Consistent with our previous findings, cells that ectopically
expressed SIRT1 and resveratrol showed an even greater level
of repression. Importantly, the transactivation potential of the
Gal4-p65(K310R) protein was no longer repressed to the same
extent as the wild-type construct, following overexpression of
SIRT1 or SIRT1 plus resveratrol treatment. These results
indicate that SIRT1 regulates NF-«B transcriptional activity,
in part, by deacetylating residue 310 of RelA/p65.

Chromatin-bound SIRT1 inhibits NF-xB-mediated
transcription of the clAP-2 gene

To elucidate whether resveratrol inhibits TNFa-induced
NF-xB -transcription, RNase protection assays (RPAs) were
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Figure 5 Resveratrol and SIRT1 inhibit the RelA/p65 transactiva-
tion domain by targeting lysine 310. (A) HEK 293T cells were co-
transfected with plasmids encoding RelA/p65(1-313) and p300.
Whole-cell extracts were immunoprecipitated and incubated with
either recombinant SIRT1 or HDAC-defective mutant SIRT1(H363Y)
protein in the presence or absence of NAD. (B) HEK 293T cells were
co-transfected with expression plasmids as in (A). The transfected
cells were left alone or treated with resveratrol (50 uM) or nicoti-
namide (500 uM) overnight. (C) H460 cells were co-transfected with
the Gal4-luciferse reporter and Gal4-p65(286-551) or a mutant Gal4-
p65(286-551, K310R). Additionally, cells were transfected with
expression plasmids encoding SIRT1 or vector control. Fold repres-
sion was calculated where basal transcription values for either Gal4-
p65 + vector or Gal4-p65(K310R) + vector were normalized to 1.

performed. All of the genes selected for analysis have been
previously shown to be NF-kB-regulated (Pahl, 1999) and to
regulate cell survival in response to TNFa (Karin and Lin,
2002). Pretreatment of cells with resveratrol decreased the
basal expression and TNFa-induced expression of Bcl-X;, and
TRAF-2, but not IxBa.. However, the most profound effect was
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observed on the cIAP-2 gene, where resveratrol blocked basal
and delayed TNFa-induced expression of this gene
(Figure 6A). These results suggest that resveratrol-induced
Sirtuin activity effectively blocks NF-kB-regulated gene ex-
pression in response to TNFa. Based on these data, chroma-
tin immunoprecipitation (ChIP) assays were performed to
analyze the cIAP-2 gene, which encodes an antiapoptotic
protein that inhibits TNFa-induced effector caspase activa-
tion (Deveraux et al, 1998). The cIAP-2 promoter contains
two NF-kB DNA-binding elements located at -210 and —147.
In ChIP analysis, PCR primers were designed to overlap the
canonical —147 NF-kB DNA-binding element, which is cru-
cial for full cIAP-2 promoter activity (Hong et al, 2000).
Chromatin-associated SIRT1 was observed on the cIAP-2
promoters in both control and resveratrol-treated cells.
However, chromatin-associated SIRT1 levels decreased fol-
lowing the addition of TNFa, whereas SIRT1 levels remained
elevated on the cIAP-2 promoter in cells treated with both
resveratrol and TNFa (Figure 6B). Interestingly, resveratrol-
treated cells not only maintained chromatin-associated SIRT1
levels, but this effect was also associated with a delay in
TNFa-induced recruitment of the RelA/p65 and p50 proteins
to the cIAP-2 promoter region. Consistent with the recruit-
ment of the SIRT1 deacetylase to the cIAP-2 promoter, there is
a loss of histone H3(K14) acetylation in cells treated with
both resveratrol and TNFa, compared to cells treated with
TNFa only. Furthermore, the maintenance of SIRT1 on the
cIAP-2 promoter correlates with a reduction in basal and
TNFa-inducible recruitment of RNA polymerase II to chro-
matin. Chromatin-bound levels of p300 protein were also
significantly diminished in cells pretreated with resveratrol
and TNFa. In contrast to the cIAP-2 gene, resveratrol treat-
ment did not diminish IxkBo mRNA transcription following
TNFo stimulation (Figure 6A). Consistent with promoter-
specific recruitment of SIRT1 to select NF-kB-regulated pro-
moters, the IxBo promoter fails to recruit SIRT1 and displays
different recruitment dynamics of RelA/p65, p50, p300, and
RNA polymerase II (Figure 6B). The lack of chromatin-
associated SIRT1 on either the IkBa or GAPDH control
promoter indicates that the recruitment of SIRT1 to the
c[AP-2 promoter is gene specific. This level of promoter
specificity for the cIAP-2 gene accounts, in part, for the
differences in mRNA gene expression observed in Figure 6A
following combined treatment with resveratrol and TNFa.

Modulation of Sirtuin activity sensitizes cells

to TNFa-induced apoptosis

SIRT1 protects cells from p53-mediated apoptosis through a
deacetylation-dependent mechanism (Luo et al, 2001; Vaziri
et al, 2001). Since there are many parallels between p53 and
NF-xB transcriptional control (Madrid and Baldwin, 2003),
we hypothesized that SIRT1 downregulated the transactiva-
tion potential of RelA/p65 in a similar manner as it did for the
p53 protein. However, the biological outcome would be
different; the ability of SIRT1 to block NF-xB transcription
would sensitize cells to undergo apoptosis in response to
TNFa. Apoptotic assays were performed on HEK 293 cells
stably overexpressing either wild-type SIRT1 or the deacety-
lase-defective mutant SIRT1(H363Y). The advantage of using
HEK 293 cells is that these cells do not display high levels of
endogenous SIRT1 (Figure 7A), and cells overexpressing
SIRT1 were used previously to demonstrate that SIRT1
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Figure 6 Resveratrol potentiates chromatin-bound SIRT1 to inhibit cIAP-2 gene expression. (A) RNase protection was performed as described
in Materials and methods. (B) H1299 cells were left untreated or treated with resveratrol (50 uM) overnight. TNFa (10 ng/ml) was added over
the time course indicated. ChIP analysis was performed on two NF-kB-regulated genes cIAP-2 and IxBa; GAPDH served as a non-NF-kxB-

regulated gene control.

protects cells from p53-mediated apoptosis (Howitz et al,
2003). HEK 293:SIRT1(HY) cells were virtually resistant to
TNFo-mediated cell death, as compared to vector control cells
(Figure 7A). However, HEK 293:SIRT1 cells were sensitive to
TNFa-induced apoptosis, as indicated by enhanced nucleo-
some release and caspase-3 activity. Therefore, using the
same cell systems that demonstrated that SIRT1 overexpres-
sion provides a cell survival advantage by inhibiting p53-
mediated apoptosis (Howitz et al, 2003), we find that these
cells display elevated sensitivity to TNFa-induced apoptosis.

Apoptotic assays were repeated in NSCLC cells to evaluate
whether resveratrol could sensitize these cells to TNFa-
mediated apoptosis. NSCLC cells pretreated with resveratrol
displayed a dose-dependent increase in nucleosome release
and caspase-3 activity following the addition of TNFa (Figure
7B and C). Importantly, the responsiveness of NSCLC cells to
TNFa-induced apoptosis was not due to p53, since there was
no difference in cell death comparing H460 cells (p53 wild
type) to H358 and H1299 cells (p53 null). Next, endogenous
SIRT1 was knocked down in H1299 cells by siRNAs to
determine if SIRT1 was required for the resveratrol-mediated
effects. The loss of SIRT1 protein expression rescued resver-
atrol-mediated inhibition of c[AP-2 gene expression following
TNFao stimulation (Figure 7D). Moreover, the knockdown of
SIRT1 expression completely inhibited TNFa-induced apop-

©2004 European Molecular Biology Organization

tosis following treatment with resveratrol, in comparison to
cells that received siRNA control (Figure 7D). These results
strongly suggest that modulation of Sirtuin activity by resver-
atrol sensitizes NSCLC cells to TNFa-induced apoptosis and
that this effect is consistent with the ability of resveratrol to
stimulate SIRT1 activity to repress NF-xB transcription.

Discussion

Work presented in this study indicates that SIRT1 protein
associates directly with the RelA/p65 subunit of NF-xB and
deacetylates RelA/p65 on lysine 310, a site critical for NF-xB
transcriptional activity (Chen et al, 2002). Using resveratrol
as an agonist of Sirtuin activity, we found enhanced chroma-
tin-associated SIRT1 on the cIAP-2 gene. This mode of tran-
scriptional repression was associated with a delay in RelA/
p65 protein binding, hypoacetylated histone H3(K14), and
diminished chromatin-associated binding of p300 and RNA
polymerase II. Consistent with these findings, resveratrol
blocked NF-kB-regulated cIAP-2 transcription following
TNFo stimulation. The ability of resveratrol to stimulate
SIRT1 activity, inhibit acetylation of RelA/p65, and block
TNFa-induced NF-kB transcription correlates with a sensiti-
zation of NSCLC cells to TNFa-induced apoptosis. This study
identifies the RelA/p65 subunit of NF-xkB as an SIRT1
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Figure 7 Enhanced Sirtuin activity sensitizes cells to TNFa-induced apoptosis. (A) Western blot analysis demonstrates the expression of SIRT1
in HEK 293: vector control (pCMV), and cells overexpressing SIRT1 or SIRT(HY). Cells were treated with TNFa (100 ng/ml) for 4 h, followed by
nucleosome and caspase-3 assays. (B, C) NSCLC cells were pretreated with resveratrol (10-50 pM) for 1 h before the addition of TNFa (100 ng/
ml) for 4 h. Both nucleosome and caspase-3 assays were performed in triplicate in three independent experiments. (D) Western blot analysis of
H1299 cells transfected with either control or SIRT1 siRNAs demonstrated complete knockdown of the SIRT1 protein. The nonspecific (NS)
protein and B-tubulin are shown as loading controls. For RPAs, cells were treated with resveratrol (50 uM) overnight, followed by TNF
treatment for 1h. For nucleosome assay, treatment conditions were the same as in (B).

2001). This may be the case in NSCLC cells, where they
display elevated SIRT1 expression and NAD-dependent de-
acetylase activity. SIRT1 activity provides a cell survival
advantage following DNA damage, in part, by deacetylating
lysine 382 on the p53 tumor suppressor protein in vitro and
in vivo (Luo et al, 2001; Vaziri et al, 2001; Langley et al, 2002;

deacetylase target, which may have profound effects on
modulating cell survival in response to TNFa signaling.

The SIRT1 paradox: pro-survival or pro-death

The maintenance of HDAC activity provides a survival and

growth advantage in some types of cancers (Marks et al,
2376 The EMBO Journal
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Cheng et al, 2003). Since acetylation of p53 at lysine 382
by CBP/p300 is critical for p53 stabilization and heightened
transcriptional activation, SIRT1-mediated deacetylation crip-
ples p53-induced apoptosis (Brooks and Gu, 2003). Although
these findings are consistent with Sirtuin eliciting a pro-
survival response, SIRT1 inhibits NF-xB transcription, sensi-
tizing cells to undergo apoptosis in response to TNFa. These
two different SIRT1-dependent effects are not difficult to
explain. Since the same cell system was used to investigate
SIRT1-mediated regulation of p53 activity in response to
ionizing irradiation (Howitz et al, 2003), these results suggest
that opposite cellular responses are due to differences in
apoptotic signaling. For example, TNFa-induced apoptosis
occurs through TNFa receptor-mediated activation of the
Fas-associated death domain (FADD) protein, which leads
to the activation of caspase-8 (Karin and Lin, 2002). Cellular
response to vy-irradiation stimulates ataxia telangiectasia
mutated (ATM)-dependent phosphorylation of Mdm2,
which ultimately allows p53 to accumulate and upregulate
gene products involved in cell cycle arrest and apoptosis
(Brooks and Gu, 2003). Unlike the DNA damage response,
TNFa-induced apoptosis occurs in a p53-independent
manner and is blocked by the activation of NF-kB-regulated
gene products at the TNFa receptor level (Karin and Lin,
2002). Therefore, the ability of SIRT1 to induce either apop-
tosis or cell survival depends on the apoptotic stimuli and on
whether this deacetylase is inhibiting NF-«B or p53 (Figure 8).
In support of this hypothesis, recent work demonstrates that
treatment of neuroblastoma cell lines with resveratrol sensi-
tizes these cells to TNF-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis in the absence of a functional
p53 pathway (Fulda and Debatin, 2004). Since the TRAIL
receptors are members of the TNF receptor superfamily, this
would suggest that resveratrol treatment potentiated apopto-
sis following activation of death receptors.

DNA damage TNFo
A‘c K382 Ac'K310
‘—'ﬁ —_ e | [ RelA/p65]
Transcription Transcription

v v

Cell cycle arrest
Apoptosis

Proliferation
Antiapoptosis

SIRT1-associated
cell survival

SIRT1-associated
cell death

Figure 8 Differential SIRT1-mediated repression of p53 and NF-kB
controls, life and death signals. In response to DNA damage, SIRT1-
mediated loss of Ac K382 mark on p53 inhibits the expression of
gene products that are associated with cell cycle arrest and apop-
tosis. The net effect under these conditions is SIRT1-mediated cell
survival. We find that the reverse is true for TNFa signaling, where
SIRT1-induced loss of Ac K310 on RelA/p65 results in diminished
NF-«B transcription and a decrease in pro-survival gene products
that are responsible for overcoming TNF-induced apoptosis. The
overall effect under these conditions is SIRT1-associated cell death.
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SIRT1-mediated deacetylation: a role in basal and active
repression

For euchromatin DNA, there are at least two types of gene
silencing: basal repression and active repression. Basal re-
pression is the form of transcriptional silencing that occurs in
the absence of stimuli. With regard to NF-«xB, in unstimulated
cells the cis -elements located in the promoter regions of NF-
kB-regulated genes are occupied by either p5S0:p50 or p52:p52
homodimers (Watanabe et al, 1997). These homodimers are
believed to basally repress NF-kB-regulated genes by tether-
ing co-repressor complexes, such as NCoR and HDAC-1
proteins (Baek et al, 2002). SIRT1 contributes to basal repres-
sion by interacting with CTIP2, HES1, and HEY2 (Senawong
et al, 2003; Takehiko and Fuyuki, 2003). The presence of
chromatin-associated SIRT1 on the cIAP-2 gene in unstimu-
lated cells suggests that this deacetylase may play a role in
basal NF-«B repression (Figure 6B). Active repression refers
to the type of silencing that is initiated post-stimulation and is
responsible for diminishing transcription. One of the hall-
marks of active repression is that the molecules that are
required to recruit HAT activity to initiate transcriptional
activation are the same molecules that tether HDAC-contain-
ing co-repressor complexes. In the case of NF-«B, the hetero-
dimer composed of RelA/p65 and p50 proteins interacts with
HDACI, 2, and 3 enzymes (Ashburner et al, 2001; Chen et al,
2001; Zhong et al, 2002). In this study, the experimental
evidence indicates that SIRT1 deacetylates lysine 310 of RelA/
p65 without affecting the acetylation status of other lysine
residues. The localization of both SIRT1 and RelA/p65 pro-
teins on the cIAP-2 promoter following resveratrol treatment
(Figure 6C) suggests that this NAD-dependent deacetylase
may actively repress the gene expression by deacetylating
RelA/p65 directly on chromatin. Although it is not clear as to
what dictates specificity of a HDAC to its substrate, NAD-
dependent deacetylases are highly selective. For example,
deacetylation of tubulin is mediated by either HDAC6 or by
SIRT2, but not by other Sirtuins (North et al, 2003). Since an
interdependent function of HDAC6 and SIRT2 exists for
tubulin deacetylation, it will be interesting to determine if
SIRT1 and HDAC1 or HDAC3 play similar roles when target-
ing RelA/p65 for deacetylation. In support of SIRT1 and
active repression, SIRT1 deacetylates MyoD, a master switch
transcription factor critical for regulating skeletal muscle
differentiation. Moreover, SIRT1 represses MyoD-mediated
differentiation by directly interacting with the two MyoD-
regulated promoters MHC and myogenin (Fulco et al, 2003).

The SIRT1 deacetylase and non-histone substrates

In agreement with recent findings (Fulco et al, 2003;
Senawong et al, 2003), we showed that chromatin-associated
SIRT1 correlates with a loss of histone acetylation. Although
yeast Sir2 was originally identified as an NAD-dependent
HDAC (Buck et al, 2004), the Sirtuin family of enzymes
may diminish histone acetylation by inactivating HAT enzy-
matic activity. In support of this, SIRT1 directly interacts with
PCAF and p300 to inhibit the acetylation status of these
enzymes (Fulco et al, 2003; Cohen et al, 2004; Motta et al,
2004). Moreover, the CBP acetyltransferase may also be a
biological target, since the Drosophila Sir2 protein was found
to associate with this acetyltransferase (Newman et al, 2002).
With regard to NF-kB transcription, deacetylases that block
CBP/p300 and PCAF enzymatic activities would be predicted
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to completely block transcription of NF-kB-regulated genes
(Mayo and Jones, 2003). Consistent with the finding that
SIRT1 modulates p300-mediated transcription, during the
preparation of this article, a paper was published demonstrat-
ing that SIRT1 inhibited p300 activity, which was required for
forkhead-mediated transcription and cell death (Motta et al,
2004). Likewise, we show that resveratrol-treated cells de-
monstrate a delayed recruitment of p300 to chromatin on the
cIAP-2, IxBa, and GAPDH promoters (Figure 6B). However,
since SIRT1 was not observed on the GAPDH promoter, these
results suggest that SIRT1 may modulate p300 activity in a
chromatin-independent manner. In conclusion, we found that
SIRT1 represses NF-kB gene expression, in part, by deacety-
lating RelA/pG65 at lysine 310. Future work will focus on
identifying other relevant SIRT1-regulated targets that are
responsible for controlling transcription and cell survival.

Materials and methods

Cell culture, reagents, and plasmid constructs

Human NSCLC lines (NCI-H358, NCI-H460, and NCI-H1299) and
immortalized epithelial lung cell line, NL-20, were obtained from
the ATCC and grown in RPMI 1640, 10% FBS, penicillin, and
streptomycin (Invitrogen). HEK 293 and HEK 293T cells were grown
in DMEM, 10% FBS, and penicillin/streptomycin. HEK 293 cells
stably expressing wild-type SIRT1 or deacetylase mutant
SIRT1(H363Y) were previously described (Howitz et al, 2003).
Plasmids encoding Flag-tagged RelA/p65 were described (Mayo
et al, 2003). The site-directed Gal4-p65(286-551, K310R, and K314R)
mutant constructs were generated using recombinant PCR. SIRT1
and deacetylase-defective SIRT1(H363Y) mutant expression plas-
mids, and the rabbit polyclonal SIRT1 antibody, were described
(Vaziri et al, 2001). The antibodies used were: SIRT1 (Upstate
05707, 4 pl for ChIP), M2 Flag and B-tubulin (Sigma), a-acetyl-lysine
and IKK-B (Cell Signaling), Myc and V5 monoclonal antibodies
(Invitrogen), IxBa, p105, p5S0 and RNA polymerase II (Santa Cruz
SC114, SC9001), RelA/p65, histone H3 acetyl K14, and p300
(Upstate 06418, 06911, 05267). Nicotinamide, reduced NAD,
resveratrol, and recombinant TNFo were from Sigma and splito-
micin and TSA were from Calbiochem. The SMRTpool SIRT1 and
control siRNAs were from Dharmacon.

Transfections and luciferase assays

Cells were plated between 40 and 60% confluency 1 day before
transfection. Plasmids were transiently transfected using Polyfect
reagent (Qiagen) as described (Mayo et al, 2003). All transfection
data are the mean+SD of three independent experiments
performed in duplicate or triplicate. siRNA (100nM) was trans-
fected into cells with oligofectamine (Invitrogen) according to the
manufacturer’s protocol.

Cell-based HDAC assays

Cell-based HDAC assays were performed as originally described
(Howitz et al, 2003). NSCLC cells were washed with PBS and
incubated with phenol red-free complete media supplemented with
200 uM Fluor de Lys HDAC substrate (BIOMOL) only, or in the
presence of resveratrol (30 uM), nicotinamide (500 uM), splitomicin
(120 pM), or TSA (500nM). At 2h following the addition of
pharmacological agents, cells were washed with PBS, and lysed
with 1 x reporter lysis buffer (Promega). Equal amounts of lysates
were analyzed for enzyme activity using the HDAC fluorescent
activity assay from BIOMOL.
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EMSAs and RPAs

Nuclear protein extractions and EMSAs were performed as
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were pretreated with 50 pM resveratrol overnight, followed by TNFa
treatment (10ng/ml) over the time course indicated. Total RNA
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RiboQuant RPA kit (BD Biosciences).

Immunoprecipitation and Western blot
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agarose beads were extensively washed the next day, and followed
by immunoblot analysis.

Caspase-3 and apoptosis assays

Apoptosis was determined by quantitation of nucleosomes released
into the cytoplasm using the Cell Death Detection ELISA Plus kit
(Roche Applied Science) according to the manufacturer’s directions.
Caspase-3 assays were performed as previously described (Mayo
and Jones, 2003).

ChIP analysis

ChIP analysis was performed as previously described (Mayo et al,
2003). Primers for the GAPDH promoter were 5-AGCTCAGGCCT
CAAGACCTT-3’, 5-AAGAAGATGCGGCTGACTGT-3'; for the cIAP-2
promoter were 5-GCATGCTTACCAATACGTGC-3', 5'-ATTGCGCAAT
TGTAGCGGTA-3’; and for the IxBa promoter were 5-GACGACCC
CAATTCAAATCG-3/, 5-TCAGGCTCGGGGAATTTCC-3'.
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